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In this work, carbon black (CB) was introduced into polypropylene/carbon ﬁber (PP/CF) composite to
fabricate multifunctional composites with the improved thermal stability, ﬂame retardancy and electrical
conductivity. The morphology investigation showed that one-dimensional CF and zero-dimensional were
well dispersed in the PP matrix, and the multistage structure was formed in PP matrix. Compared to
pristine PP, the maximum weight loss temperature under air atmosphere was enhanced by 79 C. The
peak value of the heat release rate measured by a cone calorimeter was signiﬁcantly reduced by 70%,
and the total heat release decreased from 198 to 166 MJ/m2. The dramatically enhanced ﬂame retardancy
of PP composites was attributed to the formation of a strong three-dimensional (3D) network structure in
PP matrix where one-dimensional CF acted as bridges connecting individual zero-dimensional CB, and
the accelerated oxidation crosslinking reaction of PP radicals by CB and CF. Furthermore, the electrical
conductivity of PP composites was signiﬁcantly enhanced to 7.8 S/m due to the formation of 3D
conductive pathways from CB and CF within the matrix.
 2015 Elsevier Ltd. All rights reserved.
1. Introduction
Polymer/carbon ﬁber (CF) composites have excellent mechani-
cal and chemical properties, such as high speciﬁc strength and
modulus, good anti-fatigue and corrosion resistance. They have
become attractive alternatives to conventional metallic materials
in many applications, such as ships, buildings, electrical and elec-
tronic components [1,2]. However, one of the shortcomings for
most polymer/CF composites is ﬂammable, and sometimes toxic
gases will be released when they are subjected to radiant heat or
ﬁre [3]. Owing to their inherent ﬂammability, ﬁre safety and ﬁre
protection of polymer/CF composites are of great concern.
Generally, the combustion takes place in at least three interdepen-
dent phases, namely condensed phase, gas phase and interphase
[4]. The decomposition of polymers can be simply ascribed to the
breakdown of polymer chains to form macromolecular free radi-
cals and H throughout the combustion progress [5]. There are sev-
eral methods to improve ﬁre retardancy of polymer materials. For
example, the halogenated compounds mainly act in the gas phase
[6]. While intumescent ﬂame retardant (IFR) works by free radical
suppression in the gas phase and char forming in the condensed
phase [7,8]. Comparatively, the presence of nanoﬁllers can improve
ﬂame retardancy via forming physical barriers, originating from
the formation of a network structure in polymer matrix [9–12].
In addition, catalyzing carbonization of polymer is a novel promis-
ing method to improve ﬂame retardancy of polymer materials [13].
The in situ formation of stable protective layer covering the
entire sample surface without openings or cracks is the key to
obtain polymer materials with good ﬂame retardancy, which
strongly depends on ﬁnding new ways to build much stronger
and more stable network [14]. The combination of nanoﬁllers with
IFR or carbonization catalyst is an effect way to reinforce the net-
work in polymer matrix [15–17]. Ma et al. found that the addition
of functionalized carbon nanotube (CNT) by grafting IFR could
improve ﬂame retardancy of ABS resin, resulting from better dis-
persion of CNT and better dense char formed [16]. Yu et al. demon-
strated that the combination between CNT and Ni2O3 improved the
ﬂame retardancy of polyethylene, due to good dispersion of CNT
and carbonization of degradation products catalyzed by Ni2O3
[17]. The combination between ﬁllers with different geometrical
dimensions is another way to construct a three-dimensional
(3D), compactly interconnected network [18–20]. More impor-
tantly, this strategy is a promising way to fabricate multifunctional
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polymer composites (e.g., electrical and thermal conductivity and
electromagnetic shielding).
Herein, we report a novel way to improve the ﬂame retardancy
of polypropylene (PP)/CF composites by adding CB as functional
nanoﬁllers in the beneﬁt of other properties at the same time. As
we know, the addition of CF can improve mechanical properties
of PP. Besides, carbon black (CB) is one of the widely used nanoﬁl-
lers, which is cheap and permanent conductivity. More impor-
tantly, CB nanoparticles possess trapping free radical character,
which can be used to block degradation of polymers in condensed
phase and form crosslinking structure [21] to improve ﬂame retar-
dancy and thermal stability of PP. Our previous report found that
the addition of CB (5 wt%) could improve the thermal stability
and ﬂame retardancy of polypropylene (PP) to some extent [22].
Fig. 1. FE-SEM micrographs of the brittle-fractured surfaces of PP and its composites: (a) 3CF, (b) 5CB, (c) 8CF, (d and e) 1CF5CB, (f and g) 3CF5CB and (h and i) 5CF5CB.
Fig. 2. TGA (a) and DTG (b) curves of neat PP and its composites in air at the heating rate of 10 C/min.
Table 1
Summary for TGA results of PP and its composites under air atmosphere.
Sample CF (wt%) CB (wt%) T5wt%a (C) Tmaxb (C)
PP 0 0 250 325
3CF 3 0 263 320
5CB 0 5 299 398
1CF5CB 1 5 306 401
3CF5CB 3 5 307 404
5CF5CB 5 5 307 400
8CF 8 0 265 341
a T5wt% represented the temperature at which 5 wt% weight loss rate occurred.
b Tmax represented the temperature at which the maximum weight loss rate
occurred.
32 H. Yang et al. / Composites Science and Technology 113 (2015) 31–37
Secondly, the zero-dimension CB and one-dimension CF probably
form a 3D network in the PP matrix, which can form a better con-
dense and compact carbonaceous protective layer during combus-
tion than the cases containing CB or CF alone. Thirdly, both CB and
CF are materials with good electrical conductivity, the formation of
3D network should greatly improve the electrical conductivity of
the obtained composite. We systematically studied the effect of
CB on the morphologies and properties of PP/CF composites. The
results showed that the presence of CB dramatically improved
not only the ﬂame retardancy of PP/CF composites, but also ther-
mal stability and electrical conductivity.
2. Experimental part
2.1. Materials
Polypropylene (PP, MFI = 6.8 g/10 min at 230 C (2.16 kg),
Mw = 28.9  104 g/mol, and PDI = 3.45) was supplied by Daqing
Petrochemical Co., Ltd, China. The maleic anhydride grafted PP
(PPMA, MFI = 32 g/min at 230 C (2.16 kg)) with 0.8 wt% of maleic
anhydride group was supplied by Starbetter (Beijing) Chemical
Materials Co., China. CF with an average-length of 3 mm was pur-
chased from Shanghai Yingjia Special Fiber Material Co. CB with
the primary particle diameter of 17 nm (purity > 99%) was pur-
chased from Linzi Qishun Chemical Co., Shandong, China.
2.2. Preparation of PP composite
PP composites were prepared by mixing PP with PPMA (10 wt%)
and designed amounts of CF and/or CB in a Haake batch intensive
mixer (Haake Rheomix 600, Karlsruhe, Germany) at 100 rpm and
180 C for 10 min. The resultant samples were designated as
xCFyCB, here x and y denoted the weight percentages of CF and
CB, respectively.
2.3. Characterization
Field-emission scanning electron microscope (FE-SEM, XL30
ESEM-FEG, FEI Co.) was used to observe the fractured surfaces of
PP composites for analyzing morphologies. Thermal stability was
measured by thermal gravimetric analysis (TGA, on a SDTQ600
thermal analyzer (TA Instruments)) at 10 C/min under air atmo-
sphere. The alternating current (AC) conductivity of neat PP, 3CF,
Fig. 3. Effects of CF and CB on the heat release rate (a), total heat release (b) smoke production rate (c) and CO production (d) of PP and its composites.
Table 2
Combustion parameters obtained from cone calorimeter (at 50 kW/m2) and LOI tests.
Sample ti (s) PHRR (kw/m2) THR (MJ/m2) AMLR (g/s) PSPR (m2/s) TSP (m2) PCOP (g/s) Residue (wt%) LOI (%)
PP 35 ± 3 1212 ± 50 198 ± 7 0.090 ± 0.006 0.543 ± 0.039 106 ± 6 0.013 ± 0.002 0.3 ± 0.1 18.2 ± 0.2
3CF 25 ± 2 1203 ± 30 203 ± 8 0.083 ± 0.005 0.612 ± 0.046 110 ± 5 0.012 ± 0.002 2.4 ± 0.2 19.9 ± 0.2
5CB 23 ± 2 417 ± 25 186 ± 5 0.051 ± 0.002 0.139 ± 0.011 58 ± 2 0.003 ± 0.001 5.1 ± 0.2 24.6 ± 0.2
3CF5CB 27 ± 3 361 ± 22 166 ± 3 0.039 ± 0.002 0.056 ± 0.003 27 ± 2 0.003 ± 0.001 8.7 ± 0.2 25.7 ± 0.2
8CF 26 ± 2 777 ± 32 198 ± 5 0.071 ± 0.004 0.426 ± 0.029 91 ± 4 0.008 ± 0.002 6.6 ± 0.3 20.2 ± 0.2
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8CF and 5CB was measured at room temperature in the
frequency range between 100 and 106 Hz using an Alpha high per-
formance frequency analyzer coupled to a Novocontrol Broadband
Dielectric Spectrometer. The conductivity was taken with the fre-
quency at 1 Hz. The conductivity of other samples was measured
using a 4-point probe method. At least ﬁve data were measured
for each sample.
The rheological measurements of PP and its composites were
carried out on a controlled strain rate rheometer (ARES rheometer).
The size of samples measured was 25 mm in diameter, with a gap
of 1.0 mm. Frequency sweeping was performed at 180 C at a fre-
quency from 0.01 to 100 rad/s under nitrogen environment, with
a strain of 1% in order to make the materials be in the linear viscos-
ity range. Temperature scanning test was performed in the range
from 180 to 400 C after samples were preheated at 180 C for
10 min, with a strain of 1% and a ﬁxed frequency of 0.1 rad/s in
air environment.
Cone calorimeter tests were performed using an FTT, UK device
according to ISO 5660 at an incident ﬂux of 50 kW/m2, and the size
of specimens was 100 mm  100 mm  6.0 mm; all samples were
burned in triplicate, and the data were the average of three
replicated tests. The photographs of the residual chars after the
cone calorimeter tests were collected by a digital camera. The
interior structure of the residual chars was further examined by
scanning electron microscope (XL30 FESEM FEG, FEI Co.). The
limiting oxygen index (LOI) values were measured on an HC-2C
oxygen index meter (Jingning, China) with sheet dimensions of
130 mm  6.5 mm  3.2 mm according to ASTM D2863-97. All
the samples were tested in ﬁvefold, and the data were the average
of ﬁve replicated tests.
3. Results and discussion
3.1. Dispersion states of CF and CB in PP matrix
The dispersion state of ﬁllers in polymer matrix is an important
factor inﬂuencing the properties of polymer composites. Fig. 1 pre-
sents the dispersion states of CF and CB in the PP matrix.
Considering the sizing agent on the surface of CF and the existence
of oxygen-contained groups (such as carboxyl group) on the sur-
face of CB, 10 wt% PPMA was added as a compatibilizer to improve
the interfacial interaction between PP matrix and ﬁllers via the
reaction of PPMA with the functional groups on the ﬁller surface.
It could be seen that CFs were uniformly distributed and separated
with each other in the PP matrix (Fig. 1a–h). Also the CB particles
were well dispersed in PP composites (Fig. 1b, e, g and i). It could
be found that the multistage structure was formed in PP matrix.
3.2. Thermal stability
Fig. 2 shows TGA curves and the derivative TGA (DTG) curves
for PP and its composites under air atmosphere. The detailed data
are listed in Table 1. Compared to neat PP, the initial degradation
temperature (T5wt%) of the binary 3CF composite was increased
by 13 C, and the maximum weight loss temperature (Tmax) was
decreased by 5 C. For the binary 8CF composite, the T5wt% did
not change obviously, but the Tmax was increased to 341 C (by
16 C). In contrast, the T5wt% and Tmax for the binary 5CB composite
were dramatically enhanced to 299 C (by 49 C) and 398 C (by
73 C), respectively, suggesting that the presence of CB delayed
the oxidation degradation of PP. The combination of CF with CB
further enhanced the thermal stability of PP. For example, the
T5wt% and Tmax for the 3CF5CB composite were increased by 57
and 79 C, respectively (compared to pristine PP). Further increas-
ing the content of CF in the ternary composites did not strongly
inﬂuence the thermal stability of PP composites (5CF5CB compos-
ite vs. 3CF5CB in Table 1). However, keeping the total loading of ﬁl-
lers (CF and/or CB), the combination between CF and CB
remarkably delayed the oxidation decomposition of PP comparing
with the case with CF alone (3CF5CB vs 8CF in Table 1).
3.3. Flammability properties
The inﬂuences of CF and CB on the ﬂame retardancy of PP were
investigated by means of cone calorimetry, providing important
information about ﬁre risk via parameters such as time to ignition
Fig. 4. Photographs and FE-SEM micrographs of the residual chars after cone calorimeter tests: (a) neat PP, (b) 3CF, (c) 5CB, (d) 3CF5CB and (e) 8CF.
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(ti), heat release rate (HRR), peak heat release rate (PHRR), total
heat release (THR), mass loss rate (MLR), smoke production rate
(SPR) and total smoke production (TSP). Fig. 3a shows the HRR
plots of PP and its composites. Neat PP burnt very fast after igni-
tion, and a sharp HRR peak appeared with a PHRR of 1212 kW/
m2 (Table 2). The addition of 3 wt% CF did not change the PHRR.
With the further increasing content of CF, the PHRR of the binary
8CF composite was reduced by 36% (777 kW/m2). Clearly, the bin-
ary CF composites presented poor ﬂame retardant properties. In
contrast, for the binary 5CB composite, the HRR increased slowly
(PHRR = 417 kW/m2) and then kept a ﬂat curve for a long time
up to the combustion over, which resulted from CB trapping per-
oxy radicals of PP at elevated temperature to form a gelled-ball
crosslinking network during combustion [22]. Moreover, the HRR
curve of ternary 3CF5CB was similar to that of binary 5CB compos-
ite. In this case, the PHRR was further reduced by 70% (361 kW/m2)
compared to neat PP. The further improvement in ﬂame retardancy
is ascribed to another important factor [14,23], that is to say, in the
combination of 3CF and 5CB, the CF acts as the skeleton to support
CB nanoparticles compactly stacked with each other in between
different CFs, resulting in the formation of an integral three-dimen-
sional network structure. The slope of THR curve is assumed as
representing the ﬁre spread rate. From Fig. 3b, it could be seen that
the neat PP showed a fast increase in the THR and leveled off in a
short time. Compared to the neat PP, the binary CF composites
showed a similar behavior. However, the combination of CF and
CB led to a great decrease in the THR (3CF5CB vs PP and 8CF).
Compared to neat PP, the THR was reduced to 16% (Table 2).
Toxic gases generated during combustion are important factors
concerning ﬁre safety, as toxic gases often act as the killer during
the ﬁre hazard. Fig. 3c shows the SPR of PP composites with
combustion time. As expected, the combination of CF with CB led
to the smallest SPR among the samples. Compared to neat PP,
the TSP of the 3CF5CB decreased from 106 to 27 m2, which was
much lower than those of the 8CF and 5CB. The CO production
showed a similar tendency with the SPR curve (Fig. 3d). The peak
CO production (PCOP) decreased to 0.0030 g/s for the ternary
3CF5CB composite, which was reduced by 77% and 63%, compared
to PP and 8CF, respectively. The dramatical reduction of TSP and CO
production provides more opportunities for people to survive dur-
ing ﬁre hazard. In addition, the LOI value was also compared to
evaluate the ﬂame retardancy of PP and its composites.
Compared to the cases containing CF alone, the addition of CB
could remarkably promote the LOI. The ternary 3CF5CB composite
reached the highest LOI value (25.7).
3.4. Insight into the inﬂuence of CB on the ﬂame retardancy of PP/CF
composites
The above results showed that the combination of CF with CB
dramatically promoted the ﬂame retardancy of PP/CF composites
(3CF5CB vs. 8CF in Table 2). It is an interesting issue why the addi-
tion of CB plays such a role in PP/CF composites. There are several
possible reasons for this phenomenon, including the formed pro-
tective layer, microstructure of composites and chemical reactions
during combustion. Fig. 4 shows photographs of residual chars and
morphologies of the residual char analyzed by FE-SEM (insert in
Fig. 4) after cone calorimeter tests. No char was left for neat PP
because of its inherent ﬂammability with whole aliphatic hydro-
carbon structure. In the cases of binary 3CF and 8CF composites,
a continuous char composed of loose CFs was left, but it was thin
and porous. As for the binary 5CB composite, a few block-like CB
Fig. 5. Effects of the type and concentration of ﬁllers on storage modulus (a), complex viscosity (b), dependence of complex viscosity on temperature (c) and electrical
conductivity (d) of PP and its composites.
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aggregates were produced, but the char layer was not continuous.
With the combination of CF and CB, a better carbonaceous protec-
tive layer was formed (Fig. 4d), which was dense and thick with lit-
tle crack composed of the CF surrounded by the carbon spheres in
the residual char. Unexpectedly, the residual char could be taken
out from mould without broken after cone calorimetry test, show-
ing that the char was stable and integrity with some mechanical
strength. However, the amount of residual char was very close to
that of the added ﬁllers (Table 2), implying no carbonization of
degradation products from PP during combustion.
In order to study whether the network structure was formed in
the matrix, rheological properties of the above materials were
investigated. Fig. 5a shows the storage modulus (G0) of PP and its
composites as a function of shear frequency (x). Neat PP exhibited
a typical linear polymer-like terminal behavior with scaling prop-
erties of approximately G0 x2, indicating that PP chains were
fully relaxed at low frequencies. For the binary 3CF or 8CF compos-
ites, the change trend of storage modulus with the x was similar
with that of PP. However, for 5CB or ternary composites, a much
higher modulus in the low frequency region was clearly observed,
probably due to the formation of CB network structure [24]. The
dependence of G0 on x became weak, and there were obvious pla-
teaus in the low frequency region. This indicated a transition from
a liquid state to a solid state, accompanying the formation of a
mechanically stable network structure. It could be seen that a
higher G0 throughout the measured frequency range and more
obvious plateau were observed in the ternary 3CF5CB and
5CF5CB composites, compared with that of 5CB composites. It
can be inferred that the different dimensional ﬁllers easily form
three-dimensional network in the matrix. The results from com-
plex viscosity of PP and its composites show a similar conclusion
(Fig. 5b). Thus the combination of CF and CB can form a stronger
and stable network in PP matrix, which provides a precondition
for forming a compact char layer to enhance the ﬂame retardancy
of composites.
Usually, there are two possible chemical reactions for polymer
materials at high temperature, i.e., crosslinking and degradation
of polymers. Upon heating, the degradation of polymers at high
temperature result in a decrease in melt viscosity, however, the
melt viscosity will increase if the crosslinking of polymer radicals
and/or other radicals overwhelms the degradation of PP. Fig. 5c
shows the dependence of complex viscosity on temperature for
PP and its composites. The complex viscosity of PP almost did
not change with the rise of temperature in the testing temperature
range. However, all composites ﬁrstly showed a decrease in the
complex viscosity with the increase of temperature, followed by
a subsequent sharp increase at a critical temperature (Tc, at which
the complex viscosity started to increase). Compared to binary CF
composites, the complex viscosity of binary 5CB composite showed
an obvious increase. According to our previous report [22], this was
because polycondensed aromatic rings of CB could act as a strong
radical trapping agent, which could lower the Tc. The combination
of CF and CB resulted in a lower Tc and higher complex viscosity
compared to the binary CB composite. With increasing the content
of CF, the complex viscosity increased and the Tc shifted to a lower
temperature. This demonstrated that the combination between CF
and CB was more efﬁcient than CF or CB alone in accelerating oxi-
dation crosslinking reaction of PP radicals, which will reduce the
amount of ﬂammable degradation products into the ﬂame region
during combustion.
3.5. Electrical conductivity
The electrical conductivity of polymer composites is closely
related to the formation of conductive network structure in the
matrix. According to Fig. 1d–i, it could be seen that thereweremany
CB nanoparticles around the region of CFs in the PP matrix, where
CB particles tended to form network structures. This is expected
to enhance the electrical conductivity of PP composites. As shown
in Fig. 5d, the electrical conductivity of PP was 3.3  1013 S/m.
The presence of CF (binary CF composites) slightly improved the
conductivity of PP, even in the case containing 8 wt% CF (the sample
8CF). This was because the loading of CF was lower than the thresh-
old content for the formation of a conducting pathway. However,
the conductivity of the binary 5CB composite was dramatically
increased to 2.7  104 S/m due to good conductivity of CB and
the formed network structure. Interestingly, the combination
between CF and CB greatly improved the conductivity with the
increasing loading of CF. The conductivities of ternary 3CF5CB and
5CF5CB composites were 7.8 and 8.7 S/m, respectively. The dra-
matic enhancements in the electrical conductivity of PP composites
were attributed to the formation of effective three-dimensional
conductive pathways composed of CF and CB within PP matrix.
Fig. 6 summarizes the relation between microstructure and
properties of PP/CF composites in the presence of CB. On one hand,
the combination of one-dimensional CF with zero-dimensional CB
Fig. 6. Mechanism about the addition of CB on improving the ﬂame retardancy and electrical conductivity of PP/CF composites.
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forms integrated stable three-dimensional network structure in PP
matrix, which improves the conductivity and tends to produce a
compact and continuous protective layer during combustion. On
the other hand, the CB can trap the radicals from PP degradation
to form a gelled-ball crosslinking network during combustion,
which slows down the degradation of PP. It can be seen that both
the formation of integrated stable network structure and the abil-
ity of CB trapping radicals shows a combined effect on improving
the ﬂame retardancy of PP/CF composites in the presence of CB.
4. Conclusions
We demonstrated that adding CB could dramatically improve
thermal stability, ﬂame retardancy and electrical conductivity of
PP/CF composites simultaneously. This phenomenon was ascribed
to two speciﬁc effects of CB. Firstly, the combination of one-dimen-
sional CF and zero-dimensional CB forms perfect three-dimen-
sional network structure in PP matrix, which are favorable to
improve electrical conductivity and ﬂame retardancy. On the other
hand, the CB can trap radicals at high temperature, which can pro-
mote both thermal stability and ﬂame retardancy of PP/CF compos-
ites. Besides, the addition of CB does not hinder the mechanical
properties of PP/CF composites. Thus the strategy, based on the
combination between ﬁllers with different size and dimension, is
a powerful way to fabricate multifunctional polymer composite.
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